Introduction
To meet the growing demand for agricultural commodities, the world's irrigated area needs to be increased by 15, and 60% of it needs to be modernized (Alexandratos and Bruinsma 2012) . Escalating pressure on water and energy resources is increasing the concerns of the main waterconsuming sector in many semiarid areas: agricultural irrigation. The important effort on irrigation modernization all over the world has resulted in changes from open channel to pressurized distribution networks (Playán and Mateos 2006) . The modernization of on-farm irrigation systems (typically from surface to sprinkler/drip irrigation) has increased irrigation efficiency (Lecina et al. 2010) but Abstract More than one million hectares have undergone irrigation modernization in Spain during this century. Irrigation modernization to pressurized systems is currently facing challenges derived from increasing electricity prices and decreasing public subsidies. The economic viability of such projects is compromised, and the number of projects is decreasing. Pressurized collective networks are commonly designed and managed using hydraulic simulation tools and probabilistic hypotheses on hydrant use. In this paper, a simulation tool is presented that widens the scope of the analysis by combining hydraulics with agronomy, agrometeorology, solid-set sprinkler irrigation and economics. The CINTEGRAL software simulates the net benefit of 1 3 has drastically increased energy consumption (Corominas 2010) .
In Spain, irrigation modernization is a key governmental policy of the 21st century, requiring large public and private investments. New pressurized irrigation networks have been designed to operate at the highest water management standards, providing on-demand irrigation to its users. Designers paid due attention to energy dependence and to the related costs. However, neither designers nor managers could foresee the sudden rise in agricultural electricity prices in 2008, resulting from the discontinuation of the specific electricity tariff for agriculture (Rocamora et al. 2013) . As a consequence, in recently modernized areas, electricity costs can represent 20-25% of the total costs (Tarjuelo et al. 2015) . The annual investment pay-back for the collective and on-farm facilities can represent another 25-30% of the annual costs. These high modernization costs can compromise the sustainability of irrigated agriculture, and make economic success highly dependent on crop prices. Farmers are increasingly concerned about the frail equilibrium between input costs and output value. At the same time, Water Users Associations (WUAs) need to face the complexity of the new collective pressurized irrigation networks, requiring knowledge on closed-conduit hydraulics, pumping stations, pressurized on-farm irrigation systems, irrigation scheduling and crop production. The required capacities are rarely available at the WUA office, and support is often required from specialized engineering firms.
In engineering practice, the design and management of collective pressurized networks are commonly based on hydraulic simulation and probabilistic approaches to hydrant opening. This approach does not explicitly consider the complexity of irrigated agriculture, and the space and time variability of some of its key variables. As a consequence, the economic optimization of design and management decisions is complex and often only crudely approximated. In this context, the development of user-friendly simulation tools combining the different processes involved in irrigated agriculture and their relationship with net economic benefits stands as an attractive research objective.
In our days, collective pressurized irrigation systems are frequently designed using models simulating the hydraulics of pressurized pipes in distribution networks. These models have become an important tool for the design and management of collective irrigation networks (Zazueta et al. 1989; Rossman et al. 1994; Reca and Martinez 2006; Estrada et al. 2009 ). The hydraulic simulation of pipeline networks has increased its complexity with time, evolving from the use of cost minimization routines coupled with simple hydraulic simulation modules (Zazueta et al. 1989; Allen 1999, Andrade et al. 1999a, b) to the development of analytical tools for detailed hydraulic simulation (Rossman et al. 1994; Reca and Martinez 2006; Estrada et al. 2009 ). The first type of analysis has the advantage of simplicity: the design is complete once the pipelines are sized. The complexity of the second type of analysis is required for decision making in the design and real-time management of complex networks. In the context of climate change and escalating energy costs, new methodologies, tools, and actions are required to optimize water and energy use.
Recently, modernized collective irrigation networks have been designed to operate on-demand. The cost of electricity for agricultural uses has increased since 2008 by 70% in France (Marzougui et al. 2015) and by 100% in Spain (Rocamora et al. 2013) . When collective pumping is required, energy considerations affect every element and every management aspect of pressurized collective irrigation networks (Moreno et al. 2010a, b) . Several research articles have recently been published exploring such issues in collective pressurized irrigation networks (Khadra and Lamaddalena 2006; Lamaddalena and Pereira 2007a, b; Abadia et al. 2008; Moreno et al. 2010a, b; Rodriguez-Diaz et al. 2011 ). This new energy context questions the economic performance of on-demand management schemes. Rodriguez-Diaz et al. (2009) and Moreno et al. (2010a, b) highlighted the convenience of shifting from on-demand delivery schemes to special rotational delivery schemes to control electricity consumption and cost. The introduction of such schemes to control electricity consumption is often referred to as network sectoring. This management option is based on dividing the irrigated area into a few sectors. The different sectors irrigate sequentially, but farmers operate on-demand within the sector irrigation time. Sectoring should take into account the energy requirement of each hydrant and the electricity tariff. Several authors have developed network sectoring methodologies (Rodríguez Díaz et al. 2009; Jiménez-Bello et al. 2010; Moreno et al. 2010b; Navarro Navajas et al. 2012; Fernandez García et al. 2013; Khadra et al. 2016) . All the cases analyzed in the literature report energy savings in excess of 20%, typically focusing on systems with drip irrigation and with strong energy dependence (groundwater).
Most solid-set sprinkler systems irrigated from a hydrant are divided into a number of irrigation shifts (a shift is a group of sprinklers operating at the same time), with a typical maximum number of twelve. The problems derived from the spatial and temporal variability of water pressure within a solid-set system have been addressed in the literature. Lamaddalena et al. (2007) analyzed the connection of a one-shift solid-set irrigated plot to the hydrant of a pressurized collective network. The histogram of pressure forecasts at the hydrant was used to simulate scenarios of pressure distribution at the nozzles of the sprinklers composing the shift. In this line, Zapata et al. (2009) simulated seasonal irrigation in part of an irrigation district equipped with solid sets with a variable number of shifts in each plot. These authors did not explicitly consider pipeline hydraulics in the connection between the on-farm irrigation systems and the collective network, but simulated sprinkler irrigation performance for every shift.
The uniformity of a sprinkler-irrigated system conditions its efficiency, its water and energy consumption, the resulting crop yield and the environmental impact. Computer simulation has proven to be a powerful tool for solidset sprinkler irrigation design and management, due to the large number of involved processes and variables. The simulation of the water distribution pattern of a sprinkler solid-set has been achieved through the analysis of droplet dynamics. Droplet kinetic energy is determined by the pressure head at the sprinkler nozzle(s), the nozzle diameter(s) and the sprinkler design. This energy is directly related to drop diameter and velocity (Kincaid 1986 ). In kinetic analyses of sprinkler irrigation, the drop trajectory and velocity are commonly simulated using its initial velocity and solving the kinematic ballistic equations (Kincaid 1986 ). The estimation of initial velocity in impact sprinklers is performed assuming that head losses at the nozzle are represented by the losses at an orifice. Ballistic sprinkler simulation models (Fukui et al. 1980; Carrión et al. 2001; ) require information on drop diameter distribution to estimate the landing point and terminal velocity of drops resulting from a certain irrigation event. Procedures have been developed to estimate drop diameter distribution from the sprinkler application pattern using inverse simulation techniques ) and direct measurements ). Current ballistic sprinkler simulation models rely on a number of semi-empirical and empirical parameters that limit their applicability to the calibration conditions (Burguete et al. 2007 ). Reducing the model empiricism by measuring drop diameter has been an important field of research in the last decades (Kincaid et al. 1996; Montero et al. 2003; Burguete et al. 2007; Salvador et al. 2009; Bautista-Capetillo et al. 2009 ). Droplets are subjected to relevant Wind Drift and Evaporation Losses (WDEL) in their trajectory from the nozzle to the soil/canopy. Different authors have proposed empirical and analytical methods to characterize these losses. Playán et al. (2005) and Ortiz et al. (2009) presented empirical data on losses for solid-sets and pivots/rangers (respectively) irrigating during the day and night time. De Wrachien and Lorenzini (2006) presented an analytical model of evaporation losses, which was coupled to a ballistic jet model. In their model, wind speed and direction affect drop kinematics and evaporation during its trajectory.
The connection between irrigation water distribution pattern and crop development has been established in the literature by the production function approach. Crop yield (both in terms of quantity and quality) is conditioned by a large number of factors. The traditional production function approach is based on expressing yield as a function of one or several variables. Irrigation water application and fertilizer dose have often been used as independent variables in production functions (de Wit 1958; Arkley 1963; Hall and Butcher 1968; Jensen 1968; Monteith 1977; Sudar et al. 1981) . This approach has been partially integrated and complemented in crop models. Vaux and Pruitt (1983) classified these functions into two groups: those using empirical (or semi-empirical) approximations and those using physiological considerations. All production functions (independently of their possible physiological basis) require statistical adjustment using field experimentation under specific conditions (Doorenbos and Kassam 1979) . Since the number of required parameters is often limited, production functions are valuable tools for specific applications (Vaux and Pruitt 1983; Orgaz 1998; Tarjuelo and de Juan 1999; Ortega et al. 2004) . Among the crop functions specializing in water stress, those using crop evapotranspiration as independent variable are the most common (Stewart et al. 1977; Doorenbos and Kassam 1979; de Juan and Martín de Santa Olalla 1993; Pereira and Allen 1999; Ortega et al. 2004) . Using these functions in conditions different from the experimental ones will require local calibration.
When Smith (1992) introduced the FAO-endorsed CropWat model, the application of computer models to irrigation was incipient. CropWat is a soil water budget model that applies the water-yield relationships described by Doorenbos and Kassam (1979) . CropWat has enjoyed wide success in the scientific and practice communities due to its simplicity and robustness. Ador-Crop is a replica of CropWat running on thermal time (Dechmi et al. 2004a, b; Lecina and Playán 2006) . Ador-Crop was designed to explore the relationship between irrigation uniformity and crop yield variability. For this purpose, irrigation simulation models have been coupled to Ador-crop, simulating irrigation depth, water stress and yield in a number of spatially distributed points. These coupled models have proven useful to schedule collective irrigation at a district scale ). Cavero et al. (2000) highlighted the limitations of this simplified model in comparison with crop growth models considering the mechanistic processes of biomass and yield formation.
Numerous research efforts dealing with collective pressurized networks and energy efficiency have paid attention to irrigation infrastructure, concentrating on design (pumping stations, pipelines and on-farm irrigation systems) and management (water delivery schemes, pumping station regulations) aspects (Rodríguez Díaz et al. 2009 , 2011 Jiménez-Bello et al. 2010; Moreno et al. 2010a, b; Navarro Navajas et al. 2012; Fernandez García et al. 2013; Khadra et al. 2016) . These authors reported the development of tools optimizing hydraulic operation and energy consumption or cost. Some of these works (Navarro Navajas et al. 2012 and Fernández García et al. 2013 ) introduced the agronomic perspective, for instance by minimizing a seasonal index of crop water stress.
The Ador-simulation model, under development at the RAMA group since the beginning of the century, has combined relevant capacities for the analysis of sprinklerirrigated areas. Crop water requirements, on-farm solid set sprinkler irrigation and crop water stress and yield reduction for a number of field crops were presented in Zapata et al. (2009) . Key local data for this simulation exercise involve soil/crop mapping and the inter-and intra-year variability of meteorology. The model was previously used to develop an automatic controller for sprinkler irrigation (Zapata et al. 2013) , which was validated in the conditions of the Ebro Valley (North Eastern Spain). However, the simulation engine needs specific developments (hydraulic pipeline simulation and economic optimization modules) to contribute to the problem of design and management of collective irrigation networks from an engineering perspective.
The research efforts reported in this paper were collaboratively performed by the RAMA (Irrigation, Agronomy and the Environment) research group and the CINGRAL irrigation engineering firm. The objective of this collaboration was to satisfy the engineers' demand for a comprehensive tool for irrigation modernization assessment. Combining the views of researchers and practitioners increased the magnitude of the challenge, but also permitted to analyze the problem from a variety of complementary perspectives.
The objectives of this research include the development and application of a simulation tool for pressurized collective networks in solid-set sprinkler irrigation (CINTE-GRAL) based on Ador-simulation. This tool needs to:
1. Guide strategic decision making during system design; and 2. Guide tactical decision making during system management.
In both cases, adequate operation needs to be guaranteed from the hydraulic, agronomic, energetic and economic perspectives. Additionally, and in application of the equity criterion for WUA management, no specific user or network region can be particularly penalized in order to obtain adequate aggregated results. The specific challenge in irrigation network design is to apply models reproducing problem dimensions beyond network hydraulics. The specific challenge in irrigation network management is to integrate climatic variability into irrigation decision making to ensure that management rules are validated throughout a number of irrigation seasons.
Materials and methods

The CINTEGRAL simulation tool
The CINTEGRAL software was designed to simulate the net benefit resulting from the seasonal operation of a collective pressurized irrigation network connected to on-farm solid-set sprinkler systems. Input data focus on the climate-soil-water-crop environment, and combine biophysical and economic variables. CINTEGRAL runs on a time step of a half-hour, and simulates complete natural years, including the irrigation season. The availability of halfhourly databases of meteorological data in the Ebro Valley of Spain permits to simulate a series of years, thus characterizing the effect of inter-year meteorological variability.
The area covered by a pressurized collective irrigation network is water supplied through a number of hydrants. A hydrant can irrigate one or several farms. Farms are divided into plots, characterized by having one irrigation system or by cultivating just one crop. In solid-set sprinkler irrigation, plots are divided into a number of shifts (typically between 1 and 12), which are sequentially irrigated.
CINTEGRAL uses specific simulation modules for: (1) The hydraulics of the collective pressurized water distribution network, extending from the pumping station or reservoir to the hydrant connected to each farm; (2) The spatial variability of water application resulting from on-farm solid-set sprinkler irrigation, based on droplet dynamics in their path from the nozzle to the soil/canopy surface, and affected by environmental conditions; (3) Evapotranspiration, soil water balance and crop yield; (4) On-farm irrigation decision making; and (5) Optimization of the electricity contract, considering both the power and energy terms. Consequently, building the CINTEGRAL software required developing and/or coupling five simulation modules ( Fig. 1a) and building a common interface to facilitate its use in irrigation engineering environments.
Collective network hydraulics
The CINTEGRAL tool uses the EPANET software (Rossman 2000) to simulate collective network hydraulics. The simulation of a given network requires information on the network topology, materials, pipeline diameters, characteristics of the reservoir or pumping station and hydrant service discharge (Fig. 1b) . During the execution of CIN-TEGRAL, a large number of EPANET simulations are performed, differing in the network hydrants opened in each case. The scenarios evaluated by EPANET were generated by the Ador-Decision module that provides a list of hydrants that requires to be irrigated based on its water stress (see Sect. "Irrigation decision making"). In each of these simulations, EPANET returns the pressure of each open hydrant. CINTEGRAL can judge if a given hydrant configuration is adequate or not, based on the satisfaction of the specific pressure requirements at the solid-set system of each irrigated plot.
On-farm solid set sprinkler simulation
The time and space variability of sprinkler pressure were considered in CINTEGRAL under the following assumptions: (1) All hydrant valves are equipped with a pressure regulator (reducing pressure to a preset value); and (2) The irrigation pressure at the sprinkler nozzle was determined considering pressure regulation at the hydrant valve, average local on-farm network energy losses and average onfarm differences in elevation. Both average local energy losses and average on-farm differences in elevation were determined in the design phase of the collective network. The sprinkler simulation model used in this research was Ador-Sprinkler (Dechmi et al. 2004a; ). In this model, a shift is modeled by sixteen sprinklers arranged in a 4 × 4 matrix following the correspondent sprinkler spacing, rectangular or triangular, (Fig. 1b) and operating at the same pressure ). The central sprinkler spacing is fully overlapped, and is used to determine the spatial distribution of irrigation depth and to characterize irrigation performance in the shift. Meteorological time variability (mainly wind speed and direction, relative humidity and temperature) affecting irrigation of each shift was considered in the simulation (Fig. 1b) . Differences in water application within and between shifts of the same plot determine plot-scale uniformity. Consequently, irrigation uniformity was determined at shift level and at plot level.
Soil water balance and crop yield
In this research, soil water balance was daily simulated at twenty-five points characterizing each shift. These points are distributed in a 5 × 5 matrix arrangement covering a sprinkler spacing. For given environmental conditions, the irrigation model provides an estimation of irrigation depth at each simulation point. Irrigation, effective precipitation, crop water requirements, evapotranspiration, deep percolation and soil water storage are daily determined at each simulation point. At the end of the season, Ador-Crop provides an estimation of irrigation efficiency and relative yield (yield divided by maximum local yield) at every shift of every plot (Dechmi et al. 2004a, b) .
Irrigation decision making
The Ador-Decision module performs all operations leading to irrigation decision making in all plots of the study area. Preliminary versions of the module were presented by Zapata et al. (2009) and . At the beginning of a new day, Ador-Decision selects the plots to be irrigated taking into account its water stress. During the following hours, irrigation of these plots begins. Irrigation of the different shifts of each plot can proceed if the meteorology is adequate. For instance, irrigation of certain shifts can be postponed if wind is too strong or if the simulated application efficiency is too low. In this work, the capacities of Ador-Decision have been expanded to address challenges related to the design and management of collective pressurized sprinkler irrigation networks. Among them, capacities related to network hydraulics, irrigation management by sectoring, the electricity bill and the economics of crop production in the area.
During the irrigation season, every half-hour, CINTE-GRAL attempts to irrigate a number of irrigation shifts distributed throughout the irrigated area (each shift is located Fig. 1 Structure of the CIN-TEGRAL tool: a modules and processes; b input data required for the simulation of the irrigated area. Data on white circles are optional in a different plot). Shifts are introduced one by one, and EPANET is used to simulate the new status of the network following the irrigation of the new shift. If the irrigation of a new shift results in violation of the required pressure in any network hydrant or in violation of the scheduled time of the hydrant (if the network has been divided in sectors irrigating at different times), the shift will not be irrigated. The next shift is assessed and finally, a set of shifts is identified which is compatible with adequate network pressure at the hydrants and, if necessary, adequate scheduled time. If a given shift cannot be irrigated at a certain half-hour step, Ador-Decision will try and irrigate it in every successive step. The resulting increase in water stress will make this shift a priority, increasing the chances of irrigation in the following half-hour time steps. Dialogue between CIN-TEGRAL and Ador-Decision is critical to assess design and management alternatives. In fact, issues like pipeline diameter and hydrant sectoring affect network conveyance capacity, introduce delays in irrigation and ultimately hurt hydraulic and economic performance.
The practice of sectoring was introduced in Ador-Decision. The software permits to assign weekly operation time periods to the irrigation of each hydrant. The user divides the network irrigated area into sectors considering their homogeneity in pressure requirements (among other factors), and the network will irrigate different sets of hydrants at different times. In this situation, the sector having the largest energy requirements should be scheduled for irrigation during the cheapest tariff period. Grouping by pressure permits to use different target pressures at the pumping station at different times (dynamic pumping regulation), optimizing energy consumption. The complexity of the Spanish electric tariffs, the negative effect of environmental conditions (i.e., wind speed) on irrigation performance, and network topology can make sectoring management a difficult task in sprinkler irrigation. In fact, sectoring can reduce energy consumption, but at the same time it can affect crop yield and reduce the net economic benefit. This practice can also reduce the efficiency of the pumping station when operating at different head than that of design.
The energy tariffs (time periods along the year, the month and the day associated to different costs of the use of power and energy) can be introduced in the software. For instance, in Spain tariffs are characterized by up to six different prices for the used energy (€/kWh) and the contracted power (€/kW). Every hour of the year is assigned to one of the six tariffs. During CINTEGRAL execution, irrigation shifts are accepted in every half-hour step till the contracted power is completely used; the remaining shifts will be allocated as soon as there is power available and the rest of conditions are met.
When a simulation year is completed, the estimates of crop yield produced by Ador-Crop are confronted with a database of local cultivation costs, market crop prices and maximum yields to produce an estimate of the total gross margin of agriculture in the area irrigated by the pressurized network. The cost of water and the electricity bill are duly considered. The user can introduce estimates of yearly payback of the collective and private irrigation infrastructure (the collective network and the on-farm solid set sprinkler installations) to determine the net benefit of agriculture in the area. In CINTEGRAL, net economic benefit depends on the characteristics of the on-farm and collective infrastructure, on irrigation management and on crops, soils and meteorology. As a consequence, the software can be used to optimize irrigation system design (sizing of pipelines, layout and pumping station power) and irrigation management (for instance, cropping distribution, sectoring, electricity contract or pumping pressure).
Optimization of the electricity contract
In this paper, we report on an algorithm oriented towards the optimization of the electricity contract for the collective pumping station. The optimization routine, Ador-Optima, applies a methodology of oriented optimization. The objective function is the net economic margin of the irrigated area. Starting with an electricity contract of minimum power for each tariff (cero or initial values introduced by the user), the routine advances step by step (using power increments defined by the user) to the maximum power installed at the pumping station, till an optimum contract is found. The process performs groups of simulations that sweep the power contracted in each step through the six tariffs. The best case resulting from the previous group of simulations is the starting point of the next step. If the net margin is not improved in the next step, the best solution is found.
Optimization is performed for a specific cropping pattern and for seasonal meteorological conditions. Optimizations using different meteorological data sets and crop patterns provide additional insight for decision making. Since irrigation managers need to decide on the electricity contract before the beginning of the irrigation season, Ador-Optima can best support decision making adapted to the local conditions if a number of meteorological seasons and cropping patterns are used in the simulations.
Two types of electricity contract are available in Spain for agricultural uses: the three-tariff contract (for total contracted power not exceeding 450 kW) and the six-tariff contract (for total contracted power in excess of 450 kW). Both contracts have important differences between tariffs in the fix cost applied to the contracted power and in the variable cost applied to the consumed energy. The power and energy cost of the cheapest tariff of the six-tariff contract represent 17 and 38%, respectively, of the cost of the most expensive tariff. The contracted power for the different tariffs has limitations imposed by law. For instance, for the six-tariff contract, the contracted power is subjected to: 1) p6 > 450 kW; and 2) p6 > p5 > p4 > p3 > p2 > p1, with p6 being the cheapest tariff, and p1 the most expensive tariff. Farmers often contract limited power in the most expensive tariffs, thus limiting irrigation in the time periods when these tariffs apply (basically, the daytime periods). They also contract the maximum required power at the cheapest tariffs to promote irrigation in these periods (basically, nighttime and weekends). The conditions imposed by these two types of electricity contracts have been included in the CINTEGRAL module to guide the optimization process.
Management of the input data
To analyze the management and design of the area irrigated by a pressurized collective network, the CINTEGRAL tool needs local data related with soils, crops, meteorology and the collective and on-farm hydraulic designs (Fig. 1b) .
Soils
In CINTEGRAL, a soil type is defined by its soil depth and its water holding capacity (WHC). These are the variables required for Ador-Crop simulation. CINTEGRAL includes a soil database containing the most common soil types in the central Ebro basin. Additional soil types can be added by the user to the soil database.
Every plot needs to be assigned to a soil type from the database. Soil type attribution to plots can be manual or automatic. Automatic assignation requires the selection of the soil types from the database and the attribution of a percentage of the total irrigated area devoted to each selected soil type. CINTEGRAL randomly assigns the soil type to the plots, conserving the predefined area of each soil type. Manual assignation requires knowledge of the soil type corresponding to every plot, as approximated from a soil map.
Crops
Every plot needs to be assigned to a crop. CINTEGRAL includes a crop database including all data needed for Ador-Crop simulation. This includes the seeding date (represented by an interval), evapotranspiration and yield parameters, production costs (excluding water and irrigation energy cost), maximum local yield and market crop price. CINTEGRAL permits to manually assign crops to plots, assigning a seeding date. It also provides an automatic option that randomizes the spatial distribution of the crops. This requires the selection of crops from the database and the definition of the percentage of area devoted to each crop. The automatic tool randomly assigns a crop to each plot (respecting the defined area percentages), and randomly attributes a seeding date (within the interval recorded in the database). CINTEGRAL includes a crop database containing the most common sprinkler-irrigated crops in the central Ebro basin. Additional crops can be added by the user to the crop database. Default crop data can be edited and modified to better accommodate local conditions.
Meteorology
Two frequencies of meteorological data are required to use CINTEGRAL, half-hourly data and daily data. Daily data are required for water balance in Ador-Crop, while halfhourly data are required for environmental effects in AdorSprinkler. The SIAR agrometeorological network (www. magrama.gob.es/siar/informacion.asp) provides daily and half-hourly data for most Spanish irrigated areas. CINTE-GRAL includes a meteorological database for the SIAR agrometeorological stations of the Aragón region (central Ebro river basin), from 2004 to 2015. Additional meteorological data corresponding to other stations and years can be incorporated to the CINTEGRAL meteorological database.
Collective and on-farm irrigation networks
The hydraulic design of the collective network in EPANET format is needed for CINTEGRAL simulation. GESTAR (Aliod et al. 1998 ), a software commonly used by local engineering companies to design collective pressurized irrigation networks, has been used to design most of the recently modernized networks. CINTEGRAL supports the transfer from GESTAR data files to EPANET data files.
CINTEGRAL permits to assign specific on-farm irrigation designs to each plot. The on-farm design is specified by the irrigated area, the sprinkler layout, the impact sprinkler discharge, the design working pressure and the on-farm network energy losses. The software uses the pressure required at the hydrant (from the network design in EPANET), the design pressure at the sprinkler nozzle and the on-farm network energy losses to establish the current working pressure at the sprinkler nozzle. The software can use the hydrant discharge and the sprinkler discharge to determine the maximum number of simultaneously operating sprinklers in each hydrant (shift). The number of shifts per hydrant can also be determined by CINTEGRAL using the relationship between the hydrant irrigated area and the shift area.
A constant value of energy demand was assumed per unit volume of pumped water. According to our experience, this simplification is adequate in the most common range of pumping station operation. The use of this hypothesis for very low or high pumping station discharges could introduce errors in the analysis, since the decrease in pumping efficiency is not considered.
Management options
On-Demand Management (ODM) has been the most common scenario for the design of the recently modernized collective irrigation networks. As a consequence, the default management scenario in CINTEGRAL is ODM.
Network Sectoring Management (NSM) scenarios can be analyzed with CINTEGRAL. The software tool can attribute different irrigation time periods (within a week) to each hydrant. For example, the irrigation time with the lowest electric tariff can be reserved for the hydrants with the highest pressure requirements. NSM scenarios divide the area into two or more sectors with different management rules. NSM scenarios reduce the available time for irrigation of some plots. This can affect their agricultural productivity. To avoid significant yield reductions, design modifications to increase the flow rate of selected hydrants can be performed. New scenarios based on network sectoring with modified designs (NSM MD ) can be generated and analyzed with CINTEGRAL.
If the analyzed area presents relevant differences in pressure requirements, a third type of scenario can be introduced by dividing the irrigated area in two (2NM) or more independent networks.
The analysis of a study case WUA under four management and design scenarios (ODM, NSM, NSM MD and 2NM) with the CINTEGRAL software tool is reported in this article. Management and design scenarios can be evaluated using different meteorological data sets, cropping patterns and economic conditions (market crop prices, energy and power cost conditions, investment cost and subsidies). Comparisons were established in terms of economic indicators: gross margin, net margin and net benefit. Gross margin was computed as the difference between the value of the harvest minus the fixed production cost. Net margin resulted by deducing from the gross margin the energy and water cost. Net benefit resulted from deducing from the net margin the infrastructure payback (both collective and on-farm).
Results and discussion
The study case
CINTEGRAL was applied to analyze design and management scenarios for a WUA located in the province of Huesca, Aragón region, north eastern Spain. The WUA has a total irrigated area of 3644 ha, and specializes in the production of field crops.
The local soil map published by Nogüés ( ), and very high (WHC ≥ 167 mm m −1 ). Combining both soil characteristics, the WUA presented nine types of soils, which were added to the CINTEGRAL database. When a plot had more than one soil type, the characteristics of the most extense soil type were selected as representatives of the plot. Soil type was manually assigned to each plot in the WUA, using the CINTEGRAL tool and the soil map. Figure 2a presents the soil type distribution at plot level for the studied WUA.
The irrigation network was originally designed to irrigate the following crop pattern: 40% alfalfa, 40% corn, 10% barley and 10% wheat. Since the spatial distribution of the crops in the recent years was unknown, the automatic option for random crop distribution was selected. Figure 2b presents the spatial distribution of the WUA crops, as performed by CINTEGRAL. Table 1 presents the CINTEGRAL crop economic database, which was used to simulate the study case. Two alternatives were used for crop market prices: (1) The current market prices (2015), representing low prices, and (2) High crop market prices, representing the average value from the last ten years. Both market price alternatives were used to simulate the ODM scenario. The other management and design scenarios and the comparison between all scenarios were simulated with the current crop prices (low prices).
The closest station of the SIAR agrometeorological network was Grañén. The available meteorological data set ranged from 2004 to 2014, including daily and half-hourly data. These data were added to the CINTEGRAL meteorological database.
Precipitation in Grañén showed important inter-annual (Fig. 3) and intra-annual variability. The annual average precipitation was 337 mm, with a coefficient of variation of 18%. The maximum annual value was registered in 2008 (490 mm), and the minimum annual value was registered in 2011 (257 mm). Monthly precipitation also presented an important inter-annual variability, with a minimum coefficient of variation of 58% in January and a maximum coefficient of variation of 94% in September. In general, precipitation was higher in spring and autumn than in summer.
The average wind speed of the meteorological data set was of 2.12 m s The hydraulic design of the collective network was available in a GESTAR file. CINTEGRAL was used to transfer the GESTAR data file to an EPANET data file. The collective pressurized network irrigates 3644 ha through 273 hydrants. The average area irrigated by a hydrant is 13.4 ha, with a maximum of 51.2 ha and a minimum of 0.3 ha. The lowest hydrant flow was 18 L s −1 (assigned to areas lower than 10 ha). This hydrant flow was used in 93 hydrants covering 19% of the WUA area. The maximum hydrant flow was 83 L s −1 (assigned to areas larger than 44 ha), and was present in only four hydrants. The minimum pressure at the hydrant was designed to ensure a pressure of 300 kPa at the nozzle of the sprinklers.
The total power installed at the pumping station was 5558 kW, with a maximum simultaneous power of 4000 kW. The maximum flow at the pumping station was 4240 L s −1
. The target head at the pumping station was 63 m. According to the installed power, the six-tariff electricity contract is legally required at this WUA.
In this study, all plots were simulated using homogeneous on-farm irrigation systems. A triangular sprinkler layout of 18 by 18 m was used in all plots. This is a common configuration for sprinkler-irrigated field crops in the Ebro river basin. The selected impact sprinkler model was RC130, manufactured by Riegos Costa (Lleida, Spain). . All irrigation events in the WUA were scheduled to last for 3 h.
On-demand irrigation management
The collective pressurized network of the WUA was originally designed for on-demand operation. CINTEGRAL was used to simulate its on-demand performance during the eleven natural years of the meteorological data set, and under two crop price scenarios. For each case, the optimum electricity contract was determined using the Ador-Optima module. Table 2 presents the optimum power to be contracted for each of the six tariffs, for the eleven years of meteorological data and for the two crop price scenarios. Ador-Optima provided different power requirements for the different meteorological years and crop price scenarios. In general, differences in contracted power were larger between crop price scenarios than between meteorological years. The scenario of high crop prices resulted in higher power requirements than that of low crop prices. If crop prices are high, the ratio between crop economic margin and cost of power is large. In these conditions, Ador-Optima determines that it is profitable to contract more power to avoid water stress that could reduce crop yield. Figure 4 presents the annual gross margin, electricity bill and net margin for the eleven years and the two crop price scenarios. The production costs (without water, energy and irrigation infrastructure payback) of the four crops were assumed constant along the eleven irrigation seasons (Table 1) . Larger gross margins, electricity bills and net margins were obtained for the high crop price scenario (Fig. 4b ) than for the low crop price scenario (Fig. 4a) . The effect of meteorological variability on the economic figures presented the same pattern in both crop prices scenarios. The highest gross margin and net margin, and the lowest electricity bill were obtained for 2008 for both crop price scenarios. On the other hand, the lowest gross margin and net margin, and one of the highest electricity bills were obtained for 2010 in both crop price scenarios. 2010 was an average year in terms of meteorology, but the intrayear time variability of meteorological variables resulted in extreme economic performance of the irrigated area.
The electricity bill was larger for the high crop price scenario (825 k€) than for the current crop price scenario (692 k€). The power cost represents 22-29% of the total electricity bill. The ratio between power and energy cost is similar between both crop price scenarios. The value of the electricity bill is inversely related to yearly crop irrigation requirements.
Irrigation performance indexes, such as application efficiency (AE), irrigation efficiency (IE) and Christiansen Uniformity Coefficient (CUC) (Merriam and Keller 1978) , were determined by the CINTEGRAL tool at different spatial (shift, plot, hydrant, irrigated area) and temporal (irrigation event and irrigation season) scales. Figure 5 presents average seasonal irrigation performance indexes (IE and CUC) for the four crops, as a function of soil type (Fig. 2) . Error bars represent the standard deviation between meteorological years. Soil type 1 has poor hydraulic properties (shallow, with low WHC), and is characterized by the lowest irrigation efficiencies for all crops (average 71%). As soil hydraulic properties improve from soil type 1-9, irrigation efficiency improves. The largest differences on irrigation efficiency were obtained between soil type 1 and the rest of soil types. Soil type 1 approximately covers 15% of the WUA area, with a crop distribution of 42, 21, 19 and 18% for corn, wheat, alfalfa and barley, respectively. This soil type should receive very specific management to provide a more adapted irrigation management to reduce percolation losses. Shorter, more frequent irrigation events could improve the irrigation efficiency for this type of soils. The interest of such a management option should be evaluated at the WUA level to ensure equitable and satisfactory performance in the WUA. The values of seasonal CUC for the different crops were high, exceeding 89%. Seasonal irrigation uniformity did not show dependence on soil type.
The crop had a moderate effect on irrigation efficiency and uniformity. The average irrigation efficiency for corn (85%) was slightly larger than for the other crops (83, 83 and 82%, for alfalfa, barley and wheat, respectively). The same behavior was observed for the seasonal irrigation uniformity: it was best in corn (average 92%), with lower figures for the rest (90, 89 and 90%, for alfalfa, barley and wheat, respectively). Meteorological variability showed a moderate to low effect on seasonal irrigation efficiency and uniformity. The lowest seasonal CUC and IE were obtained in 2007, the windiest year in the meteorological database. The highest CUC and IE were obtained in the lowest windy seasons, 2009 and 2011. The inter-year variability in uniformity was high in the case of winter cereals, characterized by a short irrigation period during spring, a windy season. Inter-year variability in Uniformity was low for alfalfa and corn, characterized by long irrigation periods. Playán et al. (2005) reported that wind is the principal meteorological variable affecting irrigation uniformity.
Network sectoring irrigation management, NSM
The differences in elevation between WUA plots (up to 52 m) suggest that the organization of the WUA in sectors with different pressure requirements could result in relevant energy savings. The NSM scenario was defined by dividing the irrigated area in two sectors with approximately the same area (Fig. 6b) . The sector with high pressure requirements (High sector) was set to irrigate only during the cheapest electric period (p6), while the sector with low pressure requirements (Low sector) could irrigate at any time. It is important to note that the daily hours of p6 tariff range between 8 and 24.
NSM was implemented over the on-demand original design, assuming that all hydrants have the same probability of being opened. However, the NSM scenario drastically reduced the available time for irrigation at the High sector plots. A modification of the original design was conceived to overcome this situation. The critical hydrants were identified, and a new design focusing on the increase of hydrant flow rate was performed. Network sectoring was also analyzed with the modified network design (NSM MD ). Dynamic pumping regulation could result in a reduction of pumping efficiency for the Low sector operation. This reduction was not considered in the simulation. Figure 7 presents the gross margin (Fig. 7a) , the electricity bill (Fig. 7b ) and the net margin (Fig. 7c) , for the ODM (Fig. 6a) , NSM and NSM MD scenarios. As expected, the NSM and the NSM MD management scenarios reduced the electricity bill by 22% (Fig. 7b ) compared with the ODM management. However, gross margin was also reduced by 7 and 5% for the NSM and NSM MD , respectively, compared with ODM. The net margin of the NSM resulted essentially equal to that of the ODM. The net margin of the NSM MD was 2% higher than that of the ODM. In this case, the yield reduction resulting from the NSM scenario had the same cost that the energy saved. Although these results are affected by the specific meteorological conditions of each study year, the NSM and NSM MD scenarios reduced both the electricity bill and the gross margin in all analyzed years. Several authors have reported important energy savings resulting from the application of network sectoring techniques in collective drip irrigation networks (Rodríguez Díaz et al. 2009; Jiménez-Bello et al. 2010; Moreno et al. 2010b; Navarro Navajas et al. 2012; Fernandez Garcia et al. 2013; Khadra et al. 2016 ). In the studied WUA network, the NSM and NSM MD scenarios provided important energy savings (22%) but also affected yield in a similar economic magnitude. The most important differences between the successful applications of NSM technique in the literature and the studied WUA in this research are the cropping pattern and the energy demand per unit of water applied (kWh m −3
). In some of the cases reported in the literature, the cropping patterns led to peak crop water requirements out of the most limiting electric period (July). In the studied WUA (with 80% summer field crops), peak irrigation requirements happen in July. Additionally, successful applications of NSM in the literature were often based on groundwater, with higher energy demand (kWh m −3
) than in the studied WUA. In such conditions, energy savings can offset yield reductions.
These results obtained in the studied WUA cannot be generalized since a number of factors determine the relative advantage of the different scenarios and, in particular, the advantage of applying network sectoring techniques. However, it is important to note that a complex model using sitespecific information about soils, crops and irrigation regimes has confirmed the benefits resulting from previous analyses, but it has also identified strong agronomic disadvantages.
Two independent networks
The last scenario analyzed for the management of the study WUA was the division of the area in two zones with independent collective irrigation networks and pumping stations (scenario 2NM in Fig. 6c ). The first network irrigates the WUA plots with high elevation, occupying an area of 2090 ha (2NM-H). The head required at the pumping station to ensure 300 kPa at the sprinkler nozzle was 63 m (equal to the original design in alternative ODM). Standard engineering analyses permitted to estimate a total installed power at the pumping station of 2126 kW. The second network irrigates the WUA plots with low elevation, occupying an area of 1554 ha (2NM-L). The head required at the pumping station was 38 m, and the total power installed at the pumping station was 1053 kW. , between the high elevation network (2NM-H) and the low elevation network (2NM-L). Values are presented for the eleven irrigation seasons The electricity contract was optimized for each pumping station and meteorological year. As expected, power and energy requirements per hectare were lower for 2NM-L than for 2NM-H. Figure 8 shows the comparison between both networks for gross margin (Fig. 8a) , electricity bill (Fig. 8b ) and net margin (Fig. 8c ) in € ha −1 , and for the eleven irrigation seasons. Gross margin was higher for 2NM-L than for 2NM-H in all the analyzed irrigation seasons (averaging 9%). These differences are partly due to the uneven crop distribution in the two new irrigated areas, since the original crop-plot distribution was maintained after the division in two independent networks. In fact, 2NM-L had more alfalfa (44%) and less barley (8%) than 2NM-H (36% alfalfa and 11% barley). However, the most important differences between both areas were due to the electricity bill (€ ha −1 ), directly related to the lower power and energy requirements in 2NM-L. The average electricity bill at 2NM-H resulted in 176 € ha −1 , while in 2NM-L the average electricity bill was 125 € ha −1 . As a consequence of these differences, the net margin was 20% lower for 2NM-H than for 2NM-L.
The compound results for the 2NM scenario were obtained by an area-weighted average of both networks. Figure 9 presents the average gross margin, electricity bill and net margin (in € ha −1 ) for the four WUA scenarios. 2NM obtained the highest gross margin, while NSM obtained the lowest. Differences in gross margin between ODM and 2NM were very low (1.3%). The inter-year variability of gross margin was particularly low for 2NM (see error bars in Fig. 9 ). The highest electricity bill corresponded to ODM (190 € ha ). Electricity cost differences between NSM and ODM were relevant (42 € ha −1 ), while differences between NSM and 2NM were moderate (6 € ha ). Crop yield maps are presented in Fig. 10 for the three scenarios, ODM (Fig. 10a) , NSM MD (Fig. 10b) and 2NM (Fig. 10c) , in 2014. When comparing these maps to the thematic soil and crop maps in , for the four analyzed management and design scenarios. Error bars represent the inter-year variability (standard deviation) with soils with low water holding capacity (soil type 1) and to corn. These plots resulted particularly sensitive to changes in the simulation scenarios. Differences in crop yield between scenarios permit to identify conditions that make plots particularly sensitive to alternative management and design scenarios.
To complete the economic analyses, the investment costs associated with the four scenarios were determined using standard engineering practices. Investment cost permitted to determine net benefit. Table 3 presents the estimated investment cost of the collective pressurized network and on-fam irrigation systems for the different scenarios. The investment cost of on-farm irrigation systems cost was assumed constant in all scenarios. The net benefit corresponding to a 100% subsidized infrastructure is numerically equal to the net margin, since there is no infrastructure to pay-back by the district farmers. Alternative scenarios of public subsidies amounting to 0, 20, 40, 60 and 80% of the irrigation infrastructure investment cost were analyzed. Figure 11 presents the estimation of net benefit for the different scenarios of public subsidies and management and design scenarios. The profitability of all scenarios required a minimum of about 30% public subsidy. Lower subsidies resulted in negative net benefits. Different network topologies (lower or higher pumping requirements) and productive orientations (crops with higher economical productivity) will result in different public subsidy requirements. Consequently, public subsidy policies for irrigation modernization could take into account the productive orientation and the topology and topography of the irrigated area. CINTEGRAL permits to consider all these factors in the analysis of irrigation modernization profitability.
The 2NM scenario was the most cost-effective alternative for all subsidy scenarios. The network sectoring scenario did not improve the original on-demand management option. Design modifications in NSM MD failed to clearly improve results when compared with the on-demand management scenario.
Management scenarios oriented to save energy do not always provide the best economic results. These analyses require a comprehensive representation of the key processes involved in agricultural production in the study area. ) of the four management and design scenarios as a function of the public subsidies applied to the investment cost (0, 20, 40, 60 and 80%) 1 3 CINTEGRAL has proven to be a valuable tool to analyze the generation of economic benefits in an irrigated area under different modernization scenarios.
Conclusions
The optimization module used in this research, AdorOptima, has proven capable of adjusting the electricity contract to the local conditions of the irrigated area. The unpredictable variability of crop prices and meteorology has a clear effect on power and energy requirements and, therefore, on the electric contract. In the study case, the analyzed range in crop prices had more effect on the electricity contract than the observed variability in meteorology.
Irrigation performance indexes (efficiency and uniformity) were determined at different spatial and temporal scales. The analysis of variability in meteorology, crops and soil types permitted to conclude that in the experimental conditions soil type had the largest effect on irrigation efficiency. Soils with low water holding capacity should be identified, and specific irrigation management practices should be implemented to maximize yield and minimize deep percolation.
The four management and design scenarios analyzed at the WUA resulted in different economic results. NSM and NSM MD reduced the electricity bill by about 22% compared with ODM, but yield was also reduced (between 7 and 5%), resulting in a similar net margin. Network topology determines management options and the possibilities to apply network sectoring techniques. The 2NM scenario also reduced the electricity bill (about 19%), improved yields and resulted in an increase of the net margin (10%) compared with ODM.
When considering investment costs, the 2NM scenario also produced the maximum net benefit among all the analyzed scenarios. The profitability of all design and management scenarios required a minimum public subsidy of about 30%. Different network topologies (lower or higher pumping requirements) and productive orientations (crops with higher economical productivity) will result in different public subsidy requirements. The design of public subsidy policies for irrigation modernization could take into account the topology and topography of the irrigated area, the resulting energy requirements and the local productive orientation.
Modernization of irrigated areas should be guided by technical and economic indicators related to meteorology, soils, crops, infrastructure, water and energy inputs and crop yield. These analyses can lead to the optimization of benefits leading to economic sustainability. Once profitability is attained, public decision makers should focus on social and environmental sustainability.
Management scenarios oriented to save energy do not always provide the best economic benefit. CINTEGRAL proved to be a valuable tool to analyze the economical sustainability of an irrigated area under different modernization and management scenarios. CINTEGRAL is a software tool ready to be used by irrigation engineer companies and irrigation managers to analyze modernization and management scenarios of pressurized irrigation networks.
Further research is needed to incorporate other irrigation systems (surface, sprinkler and drip), additional crops to the CINTEGRAL crop database and dynamic simulation of the pumping station. Irrigated areas combining different irrigation systems can improve their results. For instance, combinations of sprinkler and drip can use windy periods for drip irrigation, avoiding large evaporation and drip losses. Regarding crops, fruit orchards are a key challenge in this type of modeling. In fruit trees, yield response to water stress is complex and irrigation is often closely related to fertigation. Horticultural crops and fruit orchards are characterized by high water productivity, and could facilitate the design of scenarios with low subsidy requirements.
CINTEGRAL represents a step beyond in the modeling of irrigated areas in the context of irrigation modernization. This is due to the coupling of network hydraulics to the comprehensive analysis of water use, crop yield and economic profitability. The participation of public researchers and irrigation engineering specialists in the design of the tool has permitted to bring scientific developments to daily engineering practice, thus contributing to the economic sustainability of modernized irrigated areas.
